Abstract: Copper and aluminium are the two conductors most commonly used in transformer windings. This study presents a comprehensive comparison of distribution transformers built either with copper or with aluminium windings. The comparison is based on winding material conductivity, density, cost, connectivity, oxidation, machinability and behaviour under short-circuit. Additionally, a parametric analysis of transformer designs as a function of the cost of copper against aluminium is presented. The study establishes the winding material cost range that indicates when it is more economical to build the transformer windings with copper or with aluminium. All comparisons are carried out with cost of optimised transformer designs that fulfil all specifications together with manufacturing and operating constraints.
Introduction
Transformers are designed and built with copper or aluminium windings. In distribution transformers, aluminium -aluminium windings have been successful. For large power transformers, a copper -copper design is more common. To select the right material, the designer has to take into consideration several factors such as weight, maximum size, transformer total cost, availability and cost of the material. This study presents an analysis and comparison of the physical properties of these two materials that can influence their selection for the construction of transformer windings. Copper and aluminium are compared on the basis of conductivity, mass density, cost, connectivity, oxidation, machinability and behaviour under short-circuit.
The choice of the adequate material for a given transformer design could save large amounts of money and prevent transformer failures. This topic has not only been of interest to transformer designers, but the advantages and disadvantages of selecting copper against aluminium have been discussed for induction motors [1] [2] [3] [4] and transmission lines [5] . One of the co-authors of this paper has used a non-parametric learning technique [6] and an artificial neural network [7] for the selection of the winding material in transformers.
The first transformers were built with copper conductors, since copper was more accessible at that time. During the Second World War, some industries began to manufacture transformers with aluminium because copper became scarce [8, 9] . The little copper available was used for purposes of war in weapons and ammunition [10] . It was in the 1960s when the demand for copper caused a large increase in its price. Then, transformer manufacturers began using aluminium as strips [11, 12] . In 1958, it was reported in [6] that for the manufacturing of a transformer 71 MVA, 558C temperature rise, water cooled, single phase, 60 Hz, with a high voltage of 301 400 grounded Y/173 990 volts and a low voltage of 13 200 volts using aluminium.
This paper provides valuable guidelines for the selection of winding material in distribution transformers. The importance of this research lies in the fact that the cost of windings in distribution transformers ranges from 16 to
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28% of the total cost of transformer materials as shown in Table 1 [13].
Conductors used for windings
Varied conductor shapes are used in transformer windings. The selection of the shape depends on the required voltage and current [14] . The shapes are (a) round or elliptical conductors and (b) rectangular conductors (if thickness is less than 0.008 inch, then the conductors are called foils and above this thickness conductors are called strips [15] ). Conductors of circular cross-section are used only when the currents are small as is the case of high-voltage windings of distribution transformers. Frequently, when the winding machine allows it, two or more conductors are pulled in parallel. Conductors of rectangular cross-sectional area can be used in a wide range of currents, from 40 to 500 A on low-voltage winding of distribution transformers. Foil can replace rectangular conductors in distribution transformers. Fig. 1 shows a coil with low-high -low configuration with round copper conductors in the high-voltage winding and aluminium foil in the low-voltage winding. Some commercially available magnet wire enamels for use in oilfilled transformers are (insulation-temperature class in 8C)
modified polyvinyl formal resin-105, epoxy-130, omega * * polyester-amide-imide-200 and pyre-ML * * * polyimide-220. The advantages and limitations of these magnet wire enamels can be found in [15] .
Alloys are made in order to improve some of the properties of the conductor material. Copper is the material traditionally used in transformers because it is the second best conductor (after silver) of both electricity and heat. The most important alloys used in transformer design are those formed between copper and silver. Adding a small amount of silver (typically 0.01%) to copper produces a significant increase on the thermal conductivity with a minimal effect on the electrical conductivity. This also increases the mechanical strength [16, 17] . In [16] , the impact of various chemical elements on the electrical resistivity of copper is presented. The copper content of copper alloys should be at least 99.9%. Tin, aluminium, manganese, chrome, silicon, cobalt, iron or phosphorus content of 0.1% and above causes a deterioration of electrical conductivity by more than 10% in copper alloys. Transformer windings are normally made from electrolytic tough pitch copper, C11000. Alloy designations used in this paper refer to the unified numbering system, which uses five digits code numbers preceded by the letter 'C' to identify copper alloys. New copper and copper alloys are incorporated into the listing as they come into use, and designations are placed in an inactive status when an alloy ceases to be used commercially. Nominal composition of C11000 alloys contains 99.95% Cu, 0.04% O 2 and less than 50 ppm metallic impurities.
There is also a wide variety of alloys for aluminium. Aluminium is highly sensitive to impurities, and a drop in conductivity exceeding 10% is being caused by 0.4% magnesium, 0.1% titanium or 0.02% manganese or chrome [18] . Aluminium for power conductors is alloy 1350, which is 99.5% pure and has a minimum conductivity of 61.0%. Chemical composition of alloy 1350 is: 99.50 Al min, 0.10 Si max, 0.40 Fe max, 0.05 Cu max, 0.01 Mn max, 0.01 Cr max, 0.05 Zn max, 0.03 Ga max, 0.02 V max + Ti, 0.05 B max, 0.03 max other (each), 0.10 max other (total). Impurity elements in excess of limits degrade electrical conductivity. The tensile properties of aluminium of several purities are shown in Table 2 . The effect of cold working on the tensile properties of five-nines (99.999%) purity aluminium is shown in Table 3 [19] .
Most of the aluminium is produced from its ore, called bauxite, which is a mixture of hydroxides of aluminium, contaminated with iron, silicon and titanium oxides. First of all the bauxite is concentrated by separating the insoluble residue from it. The concentrated bauxite is then transformed into aluminium oxide (alumina). The alumina is now reduced to aluminium by electrolysis process. Originally, the name bauxite was given to a mineral found near the village of Baux in the South of France, which contained 52% Al 2 O 3 , 27.5% Fe 2 O 3 and 20.5% H 2 O [20] . 9 tons at the current annual production of 177 × 10 6 tons yields 141 years before reaching exhaustion. With these conclusions, we can expect that the cost advantage of aluminium will continue (or increase) in the long term [21] .
3 Physical properties and cost of aluminium and copper windings Table 4 compares some of the most important physical properties of copper and aluminium. Note that while the resistivity of copper is lower than that of aluminium, the mass density of copper is much higher than the mass density of aluminium. The expansion coefficient of copper is lower than that of aluminium, but the thermal conductivity is higher in copper than in aluminium. Also, note that the tensile strength of copper is superior.
In this section, the cost of copper winding is expressed as a function of the cost of aluminium winding for the same resistance. It is interesting to compare the prices of the materials when they have the same resistance. The length of an aluminium winding will be slightly larger than the length of a copper winding for same power. However, the effect of length is small when compared with the effects of area, price and mass density. Therefore in this analysis, it is assumed that the length of aluminium winding is equal to the length of copper winding. Since the windings must have the same resistance, this means that 
Replacing in (2) the values from Table 4 , we obtain
Equation (3) shows that in order for an aluminium winding to have the same resistance as a copper winding, the crosssectional area of the aluminium winding must be 1.8027 times larger. However, the prices cannot be compared directly from (3), since they depend on weight rather on area. Therefore it is necessary to use the mass density of each material from Table 4 . ) is the mass and volume, respectively, of copper and aluminium conductor.
Combining (3) and (4) we obtain
Substituting in (5) the values from Table 4 , we obtain the mass of copper as a function of the mass of aluminium winding
For a winding with the same resistance, we need a volume of aluminium 1.8027 times larger than the volume of copper, as can be seen from (3), taking also into account that the length of the winding is the same. However, because aluminium is less dense than copper, we need a mass of copper 1.8265 times larger than the mass of aluminium for the same resistance and the same winding length, as can be seen from (6) . That is, in order to have the same resistance, a larger volume of aluminium is needed; however, in terms of mass more copper is needed.
The total cost of aluminium and copper winding are P Al ($) and P Cu ($), respectively
where c Al ($/kg) and c Cu ($/kg) are the unit cost of aluminium copper winding, respectively. Combining (6) and (7), we obtain
where
w is the ratio of copper winding cost over aluminium winding cost and r is the ratio of copper unit cost over aluminium unit cost.
If copper unit cost is double the aluminium unit cost, that is, r ¼ 2, it can be seen that a copper winding is 3.65 times more expensive than an aluminium winding for the same resistance [5] . Copper unit cost is double or more the aluminium unit cost after 2007, as can be seen in Fig. 2 [24].
Fluctuations of the price of winding materials over time
The price and availability of materials depend on the location. If a country does not produce a given material, there is a need to import it, consequently increasing its cost. The price also depends on the size of the reserves and energy required for processing. These factors become more important when there are material shortages, since more expensive processes may be required for their extraction.
Copper has had different trends over the years; in fact the price of copper is highly unstable. This is the main reason why aluminium transformers have been manufactured. As shown in Fig. 3 , from 1900 to 2006, the price (US $) of copper and aluminium have varied greatly. The main factors that have contributed to different price tendencies are [25, 26] : Second World War, the copper industry discovered and developed a large amount of deposits of copper (particularly in Chile), the US dollar was devalued in relation to the Chilean peso, producers of copper were very successful increasing their productivity and reducing their prices by introducing a series of innovations and new technologies, record production of aluminium, shortages of aluminium and collapse of the Soviet Union.
The price of aluminium is lower than the price of copper and it fluctuates, but not as much as copper. Just as the price of copper, the price of aluminium has a rising trend owing to the increased demand. Aluminium is not found in metallic form, but always found as mineral. Thus, the price of aluminium very much depends on the cost of electricity since it is obtained by electrolysis. Copper is also obtained by electrolysis. www.ietdl.org 5 
Connectivity and oxidation
The term connectivity refers on how easy or difficult it is to make electrical connections. This is very important in a transformer, since the high efficiency of a winding can be lost if the connections are poor. Oxidation is a process in which a metal reacts with oxygen in the air to form compounds called oxides. Both aluminium and copper oxidise when exposed to the weather. Aluminium is more prone to oxidise because its valence is +3 whereas copper has a valence of +1. This explains why aluminium does not exist as a metal in nature.
Aluminium oxidises when it is exposed to air. It forms a layer of Al 2 O 3 . This layer protects the internal aluminium layers to react with air, but Al 2 O 3 is an excellent insulation. This means that making satisfactory connections with aluminium is more complicated than with copper. Some methods of splicing aluminium wires includes soldering or crimping with special crimps that penetrate enamel and oxide coatings and seal out oxygen at the contact areas. Aluminium strap or strip conductor can be tungsten inert gas welded. Aluminium strip can also be cold-welded or crimped to other copper or aluminium connectors. Bolted connections can be made to soft aluminium if the joint area is properly cleaned. Aluminium joining problems are sometimes mitigated by using hard alloy tabs with tin plating to make bolted joints using standard hardware.
When two pieces of aluminium are to be joined by fusion welding a certain amount of preparation is necessary. The edges to be joined should be cut square, degreased and cleaned by scratch brushing with a wire brush. The source of heat may be either an oxyacetylene flame or an electric arc [20] . The factors that affect the welding of aluminium include aluminium oxide coating, thermal conductivity, thermal expansion coefficient, melting characteristics and electrical conductivity [19] . A review of aluminium joining is given in [10, 19, 27 , 28].
Machinability
Machinability is measured in power units; it is the power (HP) used by cubic inch over time necessary to process the material. For aluminium, the machinability is 0.4 HP/in 3 / min and for copper it is 0.8 HP/in 3 /min [29] . In this attribute, aluminium has an advantage over copper, since the energy needed to work with it is half the energy needed to do the same process with copper. A high machinability factor is reflected in costs; high machinability results in greater tool wear and more labour time.
The ease with which a metal can be machined is one of the principle factors affecting a product's utility, quality and cost. The usefulness of a means to predict machinability is obvious. Unfortunately, machinability is a so complex subject that it cannot be unambiguously defined. Depending on the application, machinability may be seen in terms of tool wear rate, total power consumption, attainable surface finish or several other benchmarks.
Machinability is strongly dependent on physical and mechanical properties of the workpiece: hard, brittle metals being generally more difficult to machine than soft, ductile ones. Machinability is also strongly dependent on the type and geometry of tool used, the cutting operation, the machine tool, metallurgical structure of the tool and workpiece, the cutting/cooling fluid and the machinist's skill and experience.
The main cause of machinability problems are always excessive heat. This may arise by frictional heating, and/or by insufficient cooling. All tools should be kept sharp and in good condition at all times (carbide tools retain sharp edges over a longer period between regrinds than carbon or high-speed steel tools). Tools geometry must be maintained within the established requirements for aluminium alloys. Cutter must have the optimum number of flutes and the optimum spiral configurations for each application. The cutting speed should be as high as is practical in order to save time and to minimise temperature rise in the part. As cutting speed is increased above 30-60 m/min, the probability of forming a built-up edge on the edge cutter is reduced, chips breaks more readily and finish is improved. In particular, a slow feed rate (dwelling) and high spindle speeds are especially troublesome. An adequate and continuous flow of cutting fluid directly at the cutting edges is essential. The flow of cutting fluid should begin before cutting and must continue until the cutter has been removed from the part.
Behaviour during short-circuit
During a short-circuit, the current increases sharply in the transformer windings. High currents generate an increase in temperature of the conductor. When the current is very high, the temperature rises rapidly. The melting point of aluminium is 660.28C, while that of copper is 1084.888C. However, it is more important to consider the speed at which the temperature of the conductor increases during the short-circuit than during the melting point. Fig. 4 presents a curve of temperature rise against current density for a short-circuit of 4 s. The curve for copper was obtained from [30, 31] 
while for aluminium
where u 0 is the initial temperature (8C), J is the short-circuit current density (A/mm u 1 is the highest average temperature attained by the windings after a short-circuit (8C), E 2 ¼ ( J r /J ) × 100%, where E 2 is the impedance voltage (%) and J r is the rated current density (A/ mm 2 ). Equations (10a) and (10b) were obtained assuming that the entire heat developed during the short-circuit is retained in the winding itself raising its temperature (adiabatic conditions) because of the short duration of the short-circuit (,10 s). The short-circuit current depends on percentage impedance between the transformer and fault point. If the faults occur at the transformer terminals, only the % impedance of the transformer should be taken into calculation of the fault current.
In Fig. 4 a curve of temperature rise against current density for copper and aluminium, for a short-circuit duration of 4 s is observed. Considering a short-circuit of 4 s with a current density of 30 A/mm 2 , the temperature in an aluminium winding is 81.88C, whereas in copper it is 54.958C. The maximum allowed temperature for oil-immersed transformers with the insulation system temperature of 1058C (thermal class A) is 2508C for copper conductor, whereas the same is 2008C for an aluminium conductor without any detriment to mechanical properties. A maximum temperature of 2508C is allowed for aluminium alloys that have resistance to annealing properties at 2508C equivalent to electrical conductor (EC) aluminium at 2008C, or for applications of EC aluminium where the characteristics of the fully annealed material satisfy the mechanical requirements [32] . This limiting temperature is specified mainly to limit the ageing of paper insulation in contact with the conductor. It has been shown that high-conductivity copper would not be appreciably softened in the lifetime of a transformer by occasional excursions up to 2508C even if the copper is deliberately cold-worked to increase its strength. The same applies to the usual 99.5% aluminium alloys used as conductors [33] . The transformer insulation is burned long before the aluminium or copper is melted. The thermal expansion of conductors can break the insulation and then the failure is originated in the transformer.
Copper and aluminium are the primary materials used as conductors in transformer windings. While aluminium is lighter and generally less expensive than copper, a larger cross-section of aluminium conductor must be used to carry a current with similar performance as copper. Copper has higher mechanical strength and it is used almost exclusively in large power transformers, where extreme forces are encountered, and materials such as silver-bearing copper can be used for even greater strength. The windings have to be strong enough to withstand the mechanical forces of short-circuit. 
Comparison of total owning cost (TOC) of transformers manufactured with copper and aluminium
Electrical engineers working in the design departments of transformer manufacturers use transformer TOC as an objective function when optimising transformer design [34 -36] . The usefulness of TOC objective function is also very important when new transformer materials are being introduced [37] . The TOC takes into account not only the transformer bid price (BP) but also the transformer losses throughout the transformer lifetime. The TOC is computed as follows
where The objective of transformer design optimisation (TDO) is to design the transformer so as to minimise TOC subject to several constraints: (a) constructional constraints and (b) the following operating constraints: maximum no-load losses, maximum total losses (minimum efficiency), maximum and minimum impedance value and maximum limit on the magnetising current. The optimisation methodology is based on a multiple design method that assigns many alternative values to design parameters [34, 35] . The TDO results of this paper have been obtained with a field-validated TDO computer program that has been used for some years in a mid-size transformer factory [34, 35] . Table 5 shows the flowchart for minimising TOC. The other objective functions (e.g. bid price) can substitute TOC in line 19 and in line 25 of Table 5 . Tables 6 and 7 show TOC results for copper-copper windings and aluminium-aluminium windings in transformer ratings from 5 to 50 kVA. In Tables 6 and 7 Tables 6 and 7 It is important to emphasise that there may be occasions where it is not convenient to manufacture distribution transformers with aluminium windings; for example, when such transformers exceed the maximum dimensions for the transportation and/or the maximum dimensions specified in the standards.
In addition to the already presented results, the following interesting conclusions have been drawn: † The length of an aluminium winding is on average 15% larger than the length of a copper winding for same power. † An aluminium transformer requires on average 20% more core weight; see Fig. 7a . † The weight of the aluminium windings is on average 25% less than the weight of copper windings. To determine this average, the following expression for each transformer rating is used: (weight of Cu windings 2 weight of Al windings)/weight of Cu windings. † An aluminium transformer requires 45% more oil than a copper transformer. This conclusion permitted the use of aluminium in winding for dry-type power transformer in 1955 [9] ; see In the near future an extension of this study will be made, and we are planning to compare copper -copper transformers against aluminium-aluminium transformers in many aspects, such as current distribution in transformer windings [43] , ferroresonance [44] and inrush current [45] .
Conclusions
This paper has presented a comparison of distribution transformers with windings built with copper against aluminium. The advantages and disadvantages of the two materials have been analysed on the basis of conductivity, mass density, cost, connectivity, oxidation, machinability and behaviour under short-circuit. The selection between the use of copper or aluminium is not an easy task since many factors must be considered. In this paper, a parametric analysis of transformer designs as a function of the cost of copper against aluminium has been presented. The paper has established the winding material cost range, for different transformer ratings, indicating when it is more economical to build the transformer windings with copper or with aluminium. The study has been carried out with a fieldvalidated TDO computer program, which minimises the TOC satisfying a set of construction and operating constraints. The analysis has shown that using current prices (November 2009) for copper and aluminium unit cost, aluminium is the best choice for transformer winding for transformers with rated power lower than 190 kVA. On the other hand, for 190 kVA transformers and higher, copper is better than aluminium because TOC of copper transformers is lower (since copper allows the use of less core material, less insulation, less structural steel for the oil tank and less oil).
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